A corrosion study of Cu-Ni (90-10) alloy was carried out in natural seawater adding several concentrations of an oxidant biocide (hypochlorite-based biocide). The corrosion tests were made at atmospheric pressure, static and turbulent flow conditions (1000 rpm) and room temperature during 24 hours. A rotating cylinder electrode (RCE) was used in order to get the hydrodynamic conditions. The electrochemical techniques used in the corrosion studies were lineal polarization resistance (R p ), electrochemical impedance spectroscopy (EIS) and polarization curves (PC). A scanning electron microscope (SEM) to carry out the superficial analysis and characterize the corrosion type was used. At turbulent flow condition, the corrosion rate (CR) of the Cu-Ni sample decreased as the concentration of hypochlorite ions increase, while at static condition the CR increased as the hypochlorite ions also increase. A mix corrosion process was observed. Pitting and crevice corrosion was detected, and the mechanism was a differential aeration cell.
INTRODUCTION
The corrosion of the steel structures submerged in seawater can occurred by differential aeration cells where the macro and microorganisms can participate [1] [2] . This situation can get great importance when some alloys, such as stainless steel or Cu-Ni alloys are used in heat exchangers of cooling systems and these systems using seawater as refrigeration fluid provoking with this fact that the alloys will be damaged [3, 4] .
The marine biofouling is an organism's community that they are in constant growth on metallic surface immersed in the sea permanently or temporarily. The growing of these microorganisms can interfere with the efficient use of some metallic surfaces. Some examples of these troubles are the velocity reduction of a ship, the reduction of the internal diameter of the pipeline that transport the refrigerant fluid and the incrustation of the macro and microorganisms in the surface of the metallic structures that supporting the oil platforms [2, 5] .
The most common biocide for chemical anti-biofouling treatments used in the industrial waters seawater used in the cooling tower, is chlorination. The term "chlorination" is often used inappropriately by the plants operators in referring to the dosage/production of other oxidant species than chlorine (or hypochlorite), as the alternative product chlorine dioxide. However, an excessive chlorination may cause the formation of harmful disinfection products that they can react to form aggressive species to environment [6] [7] [8] .
Additionally to the problems caused by the macro/microorganisms, there is an effect produced by the relative movement between the metal and the corrosive environment, where this movement can increase the velocity of the suspended solid producing an increase of the corrosion rate (CR) by the shear stress. Galvan [9] studied the corrosion of X52 pipeline steel immersed in seawater with a no oxidant biocide under turbulent flow conditions using a rotating cylinder electrode (RCE). They found that at static condition, the influence of the biocide concentration on the corrosion steel sample is low, whereas at turbulent flow conditions, the not-oxidant biocide has a slight protector effect on the steel corrosion.
The influence of the turbulent flow conditions on the corrosion process of the metallic structures is really complex and it has been analyzed in the oil industry [10] [11] [12] [13] , where the effects of the flow in synergy with dissolved gases (mainly CO 2 and H 2 S) in aqueous media is really important. The most common flow regimen in the industrials processes is the turbulent flow and according to this fact, many researchers have tried to analyze and describe the corrosion process under this type of flow by using different hydrodynamic systems and obtaining different degree of acceptation and successful [14] .
Some hydrodynamic systems used in the corrosion studies are RCE, loops, concentric pipeline and jet impingement. All of these systems have been important in the study, improvement and understanding of the metallic corrosion that it develop under turbulent flow conditions [14] [15] [16] [17] [18] [19] [20] . In order to reduce the growth and prevent the settlement of the microorganism, many methods have been developed. Some of these methods are physical removal (mechanic or with heat application), superficial treatment and chemical treatment of the water. In case of the chemical treatment, it is important to point out that biocides are toxic substances to macro/microorganisms [3, 21, 22] . The biocide more used in the cooling systems that using seawater as cooling fluid is the chlorine and its aqueous solutions. The chlorine has some disadvantages but one of the most important is that it can corrode all metals or alloys used in the industrial process.
This paper is focused in the results of Cu-Ni (90-10) alloy corrosion immersed in natural seawater at 1000 rpm (turbulent flow conditions) using the electrochemical techniques linear polarization resistance, potentiodynamic polarization curves and electrochemical impedance spectroscopy. In order to control the hydrodynamic conditions of the corrosion process, a RCE was used [9, [23] [24] [25] .
EXPERIMENTAL

Materials
Cylindrical working electrodes made of a Cu-Ni (90-10) alloy were used in all experiments. Exposure area in all the working electrodes was 3.4 cm 2 . Prior to each experiment the Cu-Ni working electrodes were polished up to 600 grit SiC paper, cleaned with distillated water and degreased with acetone.
In order to identify the corrosion morphology, some corroded Cu-Ni samples were analyzed by scanning electron microscope (SEM).
Test solution
The solution used in all electrochemical tests was natural seawater without biocide (0 ppm) and with biocide at three different concentrations, 0.25, 0.5 and 0.7 ppm. The exposure time in all corrosion tests was 24 h at room temperature and atmospheric pressure (Veracruz Port, Mexico). The biocide used was sodium hypochlorite (called in this paper as "biocide"). In order to control the hydrodynamic conditions, a RCE at 1000 rpm was used. It is important to point out that the electrochemical measurements were also carried out at static conditions.
Experimental set-up
A three-electrode electrochemical cell was used (working, reference and auxiliary electrode). Cu-Ni alloy as working electrode, a saturated calomel electrode (SCE) as reference electrode and a sintered graphite rod as auxiliary electrode was used. In order to minimize the effect of the solution resistance a Lugging capillary employed.
Electrochemical techniques
All the electrochemical experiments were performed with a Potentiostat / Galvanostat. These electrochemical measurements were:
I. Corrosion potential (E corr ) against time. II.
Linear polarization resistance (LPR). A potentiodynamic method was used, with a potential range of ± 0.015 V referred to E corr and a sweep rate of 0.001 Vs -1 . In all corrosion rate (CR)
calculations, an experimental value for the Stern-Geary constant (B) was considered; this constant was obtained from the anodic and cathodic Tafel slopes of the polarization curves (ba and bc respectively). III. Potentiodynamic polarization curves (PC). The polarization curves were re-corded at a sweep rate of 0.001 Vs -1 and the potential range used was ± 0.3 V referred to E corr .
IV. Electrochemical impedance spectroscopy (EIS)
. In all EIS tests, the frequency range used was 0.01 Hz to 10 kHz with an amplitude of 10 mV referred to E corr . Ten points per decade of frequency were recorded.
The corrosion current density (i corr ) was obtained using LPR and the Stern and Geary equation [26] :
Where B is a Stern and Geary constant and R is the LPR value. The constant of Stern and Geary and the corresponding corrosion rate was calculated according to [27] : The behavior of the potential in figure 1a shown that the turbulent flow has a great influence over the corrosion potential, in both concentrations (0 and 0.25 ppm of biocide) the values of E corr under turbulent flow conditions changed to more electronegative values. E corr at these two concentrations had a stable behavior after 7 h of exposure time. In addition, this E corr was not affected with the increment of the biocide concentration. On the other hand, at 0.5 and 0.7 ppm of biocide, the E corr was affected by the biocide concentration because as the biocide concentration increased, the E corr goes to more electronegative values. These CR values show a similar behavior because the corrosion rate of the metallic sample was not affected by the increment of the biocide concentration during all exposure time. In addition, for the static conditions and at the beginning of the test, the values of CR were high, but as the exposure time increases the CR decreased to 0.03 mm/year approximately and get a stable value. This behaviour is attributed to the fact that at the beginning of the test, the surface of the Cu-Ni sample was active consequently the CR is high, but as the exposure time increases, a corrosion products film covered the surface of the Cu-Ni sample and consequently the CR decreased until to get a stable value. According to Bautista [28] , the corrosion products formed is meanly copper dioxide. On the other hand, in values corresponding to turbulent flow conditions is possible to observe that the CR values raise and fall as the exposure time increases. The increment in CR values should be attributed to the rupture of the corrosion products film formed on surface of the steel sample and the regeneration of this film reduce the CR. It is important to point out that the rupture of the film is attributed to the mechanical effects of the fluid movement (shear stress) and to the rupture provoked by the hypochlorite ions. It is important to mention that at the end of the test, the CR had a stable value of 0.14 mm/year approximately. The stable behavior observed in the corrosion rate at static and turbulent flow conditions can be attributed to the corrosion products film, mainly chloride copper and copper oxide [29] [30] [31] formed on surface of the alloy which acts an interface between natural seawater and CuNi alloy. It is important to point out that the turbulent flow conditions have influence on CR of the CuNi sample because after 4 hours of the exposure time, the CR values of Cu-Ni sample at turbulent flow conditions were higher than CR values at static conditions.
RESULTS
Potential corrosion vs. time.
Linear polarization resistance (LPR).
In figure 2b is possible to observe that both curves (at 0.5 and 0.7 ppm) at static conditions show a similar behavior to observed in the CR of the Cu-Ni inmersed in seawater with 0 and 0.25 ppm of biocide where the increment of biocide concentration did not affected the corrosion rate of the metallic sample during all exposure time. In addition, it is important to point out that CR also has a similar behaviour with respect to time to observe at 0 and 0.25 ppm of biocide. At the beginning of the test, the values of CR were high but as the exposure time increased, the CR decreased until get a stable value of 0.04 mm/year approximately.
In case of the CR curve corresponding to 0.5 ppm of biocide at turbulent flow condition, the CR increased from 0.07 to 0.30 mm/year in the first 7 hours, later it decreased to 0.04 mm/year approximately. On the other hand, the CR at 0.7 ppm and at this condition, at the beginning of the test the CR value was 0.04 mm/year, then it increased to 0.96 mm/year to finally get a stable value after 18 hours of exposure time (0.04 mm/year approximately).
The CR behavior presented by the Cu-Ni sample immersed in seawater with 0.5 and 0.7 ppm of biocide can be attributed to the protective effect of the corrosion products film formed on surface of the metallic sample consequently the CR decreased. The increment of the CR is attributed to rupture of this corrosion products film. At static and turbulent flow conditions, All CR at 0.5 and 0.7 ppm of biocide and after 17 hours of the exposure time have similar values indicating that the turbulent flow condition has not influenced on the CR at the end of the test. This fact is attributed to the stability of the corrosion products film that it can isolate to the surface of the metallic sample from the corrosive medium [32] . Figure 3a shows the Nyquist plot with the impedance spectra of the Cu-Ni alloy immersed in seawater without biocide (0 ppm) and figure 3b with 0.25 ppm of biocide where T0 and T24 correspond to 0 (beginning of the test) and 24 hours of exposure time.
Electrochemical impedance spectroscopy (EIS).
EIS spectra at static conditions and 0 ppm of biocide ( figure 3a) show that the charge transfer resistance (R ct ) increased as the exposure time also increased, while the EIS spectra at turbulent flow have a contrary behavior because the R ct decreased as the exposure time increased. This fact indicate that at static conditions, the CR decreased with time, but in case of turbulent flow, the CR increased as the exposure time also increased. On the other hand, the CR at 0.25 ppm has a similar behavior that the CR at 0 ppm. The behavior of CR at static conditions is attributed to the fact that a corrosion products film was formed on metallic surface and protected partially; while at turbulent flow condition the film was broken by action of hypochlorite ions and the shear stress. It is important to point out that at in both conditions (0 and 0.25 ppm) and at the end of the exposure time (24 h) the highest CR was obtained at turbulent flow condition. Figure 4 shows the Nyquist plot with the impedance spectra for Cu-Ni alloy immersed in natural seawater with 0.5 ppm (4a) and 0.7 ppm (4b) of biocide. All impedance spectra in figure 4a show two time constant; the first time constant at high frequencies is attributed to the corrosion products film, while the second time constant at low frequencies, is attributed to the charge transfer resistance of the corrosion process [33, 34] .
In figure 4b the EIS spectra at static conditions (0.7 ppm) also shows two time constant but at turbulent flow conditions, just one time constant is observed. According the EIS spectra, the lowest values of CR was obtained at 0.7 ppm and at turbulent flow conditions. At this highest concentration of the hypochlorite ions, the effect of turbulent flow condition does not have influence in the CR. This fact can be attributed to the chaotic system in this flow regime and the corrosion products film adsorbed on surface of the metallic sample [35] . Figure 4 shows that the R ct has a similar behavior in 0.5 and 0.7 ppm of biocide where the R ct increases as the exposure time also increases. According to this fact is possible to say that CR decreased with time. Figure 5 shows the PC obtained for the Cu-Ni alloy immersed in seawater with 0, 0.25, 0.5, and 0.7 ppm of biocide at static and turbulent flow conditions. In PC at static condition (figure 5a) and at the beginning of the all anodic branches, a process associated with a charge transfer is observed but after a polarization of 0.12 V approximately, a mass transfer process influenced the anodic reaction. On the other hand, at turbulent flow condition (figure 5b) a similar behavior is observed, but in this case the mass transfer process had influence close to the end of the anodic polarization. Table 1 shows the electrochemical parameters of the polarization curves obtained at static and turbulent flow conditions, where E corr is the corrosion potential, B is the Stern and Geary constant and i corr is the corrosion current density. The cathodic branches in the PC at static condition have slopes that can be associated to charge transfer process but in case of the cathodic branches and at turbulent flow condition, these have slopes that can be associated to mass transfer process in the cathodic kinetics [36] . In general, the total corrosion of the Cu-Ni is associated to a mix process, where at static condition the corrosion reactions are dominated by a charge transfer process, but at turbulent flow condition, the main process is the mass transfer. It is important to point out that the charge transfer process is related to the corrosion of the Cu-Ni samples while the mass transfer is associated at two diffusion process. The diffusion of the oxygen from the bulk to the metallic surface and the diffusion of the oxygen through the corrosion products film adsorbed on surface of the metallic sample [32, 37] . Figure 6 shows the corrosion rate obtained from PC of Cu-Ni sample at static and turbulent flow conditions with different biocide concentrations.
Potentiodynamic polarization curves (PC).
In figure 6 is possible to observe that turbulent flow has influence just in the first two biocide concentrations (0 and 0.25 ppm), but when the concentration increased to 0.5 and 0.7 ppm the CR values obtained at static condition was lower than the values of CR obtained at turbulent flow condition. The fact observed at 0.5 and 0.7 ppm of biocide should be attributed to the chaotic behaviour in the turbulent flow regimen and to the passive film formed on metallic surface that it can protect the metallic sample. This passive behavior is possible to observe in the PC shown in figure 5b.
It is important to point out that at static condition the values of CR have a clear tendency to increase as the biocide concentration also increase. This behavior it should be attributed to the effects of the hypochlorite ions on the corrosion products film adsorbed in metallic surface without fluid movement.
On the other hand, at turbulent flow condition, the values of CR have tendency to decrease when the hypochlorite ions concentration increase, this behaviour is attributed to the distribution of these ions in the chaotic system by turbulent flow regime and to the passive film formed on metallic surface. Figure 7 shows the micrographs obtained by SEM from the Cu-Ni samples exposed to seawater with 0 ppm (Figure 7a-b) , and 0.7 ppm (Figure 7c-d) of biocide. The Figures 7a and 7c show the micrographs obtained at static condition while figure 7b and 7d were obtained at turbulent flow condition. In order to get a better analysis, this paper only presents the conditions where the highest and lower of CR values were obtained.
Superficial analysis by SEM.
SEM observations of surface of Cu-Ni alloys samples showed localized corrosion, specifically, pitting and crevice corrosion. These two-corrosion forms indicate that the mechanism of the corrosion process is a differential aeration cell [26] 
CONCLUSIONS
According to electrochemical study of the Cu-Ni alloy exposed to natural seawater without biocide 0 ppm and with 0.25, 0.5 and 0.7 ppm of biocide under static and turbulent flow conditions, it is possible to conclude that at turbulent flow condition, the corrosion rate of the Cu-Ni alloy decreases as the concentration of hypochlorite ions increases. This behaviour could be attributed to the chaotic system and the passive film formed on metallic surface constituted mainly by copper chloride and cupper dioxide. On the other hand, at static condition, the CR increases as the hypochlorite ions concentration also increases, in this case the behaviour is attributed to the action (without any disturbance) of the hypochlorite ions against to the corrosion products film. The corrosion of the Cu-Ni was associated to a mix process, where at static conditions the corrosion reactions was dominated by a charge transfer process, but at turbulent flow conditions the main process is the mass transfer. In addition, the results obtained by LPR, EIS and PC have good correlation between them. The corrosion form observed on the Cu-Ni samples was pitting and crevice corrosion and the mechanism was a differential aeration cell.
